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This thesis reports the experimental observations of thrust bearing load on deeply set enclosed 
lineshaft pumps operating at various shaft speeds.  In an effort to validate the accuracy of 
techniques commonly used to estimate such loads, a load cell was installed between the lineshaft 
connection and the motor thrust bearing of two identical make and model pumps.  The first pump 
operated with an open lineshaft in the manufacturer’s test lab and the second pump operated in the 
field with an enclosed lineshaft.  The load cell allowed for real-time online measurement of 
impeller down-thrust encountered on the surface.  The thrust measurements were normalized into 
thrust coefficient curves, also known as Kt curves, for various shaft speeds.  At lower speeds, it is 
observed that both the lab pump and field pump Kt curves are in agreement.  However, the curves 
begin to diverge as shaft speed is increased above 1,600 RPM. More specifically, Kt curves 
measured in the field at 1,320 RPM closely followed those measured in the lab, while Kt curves 
taken in the field at 2,200 RPM were up to 58% lower than the lab measured curves.  The 
experimental data indicates that motor thrust bearings on pumps operating at the usual speed of 
1,800 RPM may be loaded significantly less than expected.  In addition, the impeller relative 
movement, with respect to pump bowls, may be significantly less than expected.   Overall, the data 
represents a comparison between a well-established lab-tested Kt curve and the Kt curve of a single 
pump running in the field.  Repeatability of the findings needs to be further validated through 
testing of additional field pumps.  Further modeling is also necessary to understand and model the 
up-thrust mechanisms present in the enclosing tube.  Such further validation is expected to 
highlight general conclusions, allowing for the formulation of useful correlations which account 
for thrust error.  Such correlations will allow operators of similar pumps to better determine motor 
thrust bearing loads and impeller movement to ultimately increase the production of fluid on the 
surface.   
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A:  Wetted cross sectional area, ft3 
Ae: Impeller eye area, in2 
APar: Average annulus pressure while running, PSI 
APas: Average annulus pressure while spacing, PSI 
APcr: Average column pressure while running, PSI 
APcs: Average column pressure while spacing, PSI 
APtr: Enclosing tube avg. pressure while running, PSI  
APts: Enclosing tube avg. pressure while spacing, PSI  
D:  Depth, ft 
Db:  Bubbler tube depth from surface, ft 
Dc:  Depth of pump column, ft 
Dh:  Hydraulic diameter, ft 
Dwd:   Dynamic or flowing water level, ft 
Dws:   Static water level, ft 
E :  Modulus of elasticity, PSI 
f:  Darcy friction factor, dimensionless 
Fa: Axial impeller force, lb 
Fcb:  Column ballooning force, lb 
Fch:  Hydraulic force on column wetted area, lb 
Fi:  Impeller thrust, lb 
Ftb :  Enclosing tube ballooning force, lb  
FTc:  Total force on column assembly at pump, lb 
Fth: Hydraulic force on inner enclosing tube, lb 
Fu:  upward impeller force, lb 
g:  Acceleration due to gravity, ft/s2 
H:  Total system head, ft 
h:  Head, ft 
hd:  total discharge head, ft 
hf:  friction head loss, ft 
hs:  Suction head, ft 
hv:  Velocity head, ft 
hvd:  Velocity head at pump discharge, ft 
hvs:  Velocity head at pump suction, ft 
I: Laminar drawdown coefficient, ft/GPM 
IDc:  Column Inside diameter, in 
IDt:  Enclosing tube inside diameter, in 
J: Turbulent drawdown coefficient, ft/GPM2 
K: Impeller geometry factor, dimensionless 
Kt:  Thrust coefficient, lb/ft 
Lw:  Well water level, ft  
N:  Shaft rotational speed, RPM  
ODc: Column outer diameter, in 
ODs: Lineshaft outer diameter, in 
ODt: Tube outer diameter, in 
P: Pressure, PSI  
Pa:  Annulus surface pressure, PSI 
Pd:  discharge pressure, PSI 
Ps:  Suction pressure, PSI 
Ptd: Enclosing tube pressure at pump connection, PSI 
Pts: Enclosing tube pressure at the surface, PSI 
Pw:  Wetted perimeter, ft 
Q:  Volumetric flow rate, GPM 
Re:  Reynolds number, dimensionless   
SG:  Specific gravity, dimensionless   
T:  Temperature of produced fluid, °F 
TDH: Total dynamic head, ft 
V:  Fluid velocity, ft/s 
Ve:  Fluid velocity at impeller eye, ft/s 
∇f:  Fluid gradient, PSI/ft   
ΔLw:  Change in water level, ft 
δ:  Impeller movement relative to bowls, in 
δb:  Movement of bowls, in 
δi:  movement of impellers, in 
ε:        Pipe relative roughness, ft 
μ:  Absolute viscosity, lb-s/ft2 
ν: Poisson’s Ratio, dimensionless    







Deeply set enclosed lineshaft driven vertical centrifugal pumps are utilized in wells 
supplying hot fluid to many geothermal power plants and direct use facilities.  The 
pumps serve to increase the pressure and flow rate of brine produced to the surface.  
Often times, pumping of every production well in a field is necessary to make operation 
of a facility commercially viable.  This is especially true if a facility is designed to 
handle the geothermal fluid exclusively in the liquid phase.   
The usefulness of an installed deep well pump is directly proportional to the additional 
amount of fluid it can bring to the surface when compared to artesian flow of the well 
in question.  The dependence of commercial viability on pump capacity often leads 
plant operators to place pumps in service on the far edges of their specified design 
limits.  This emphasis on pump capacity also offers an incentive for manufacturers to 
make technological advances which lead to increased production.   
In some cases, the amount of estimated impeller thrust may increase the estimated 
impeller movement relative to the pump bowls beyond values which the pump operator 
is comfortable using.  In an effort to increase the operating clearance between the pump 
impellers and bowls, an operator may decide to reduce the expected relative impeller 
movement by installing a pump with less stages or run the same pump at a slower shaft 
speed.  The actions taken to reduce relative stretch also result in diminished production 
capacity, making operation of the pump less profitable.  It is the purpose of this research 
to examine a commonly practiced method for determining impeller movement which 
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uses the pit tested thrust coefficient to estimate both motor thrust bearing load and line 




1.2. Scope of Work 
The basic concept of this research is to observe differences between motor thrust 
bearing in a test pit and the other running in a deep well application.  To accomplish 
this goal, thrust measurements were taken on two pumps of identical make and model 
at multiple loads measured at various shaft speeds on identical pumps.  The first pump 
was run on the surface driven with and open lineshaft and pumping ambient 
temperature water.  The second pump was driven by an enclosed shaft and run down-
hole, pumping geothermal fluid to the surface at the Don A. Campbell geothermal 
power plant in Mineral County, Nevada.  At the manufacturer’s request, the pump make 
and model will remain anonymous.  In order to accommodate this request, the term 
“subject pump” will be used in reference to the common pump make and model used 
in this research.  
Thrust readings were taken with a non-contact load cell at several different flows and 
three separate shaft speeds on an open lineshaft driven, five stage, geothermal 
production pump operating in the manufacturer’s test pit.  The data was plotted to form 
thrust coefficient vs. flow curves at the three shaft speeds.  Thrust readings were also 
taken using an identical non-contact load cell on the field pump at ten separate shaft 
speeds.  Results from the experiments were used to determine thrust coefficient values 
and plotted on a chart to form thrust coefficient vs. flow curves at each individual speed.  
The plotted curves were combined with those taken from the five stage surface pump 
in order to better facilitate comparison. 
In order to quantify the difference between thrust coefficient curves measured on the 
lab pump and thrust coefficient curves measured on the field pump, the percent error 
between the lab pump and field pump was plotted.  A shaft speed dependent correction 
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function was then created using trial and error to minimize the error between the lab 
tested values and the field tested values. 
In an effort to explain the thrust error’s dependency on shaft speed, two possible 
mechanisms for up-thrust are proposed and their merits discussed.  
The final part of this thesis proposes a more systematic approach for determining the 
mechanism which may be responsible for the up-thrust created in the pump enclosing 




1.3. Literature Review  and Background Information 
The following section covers the necessary background information needed to 
understand the research conducted and is relevance in the current practice. 
Geothermal Lineshaft Pump Terms and Equipment 
The terms defined below are used throughout this thesis.  Figures 1, 2, and 3 represent 
schematic cross-sections of typical geothermal lineshaft pump equipment.  
Bubble Line 
The bubble lines are small diameter tubes run from surface to pump suction and filled 
with nitrogen in order to measure pump suction pressure. 
Column Pipe 
Column pipes provide support for the pump bowl assembly and act as a conduit for 
pumped fluid moving from the pump discharge to the surface.  An individual column 
pipe length is typically 20 feet.  The outer diameter, grade, and wall thickness vary 
between applications to meet the specific performance demand of each pump. 
Discharge Case  
The discharge case is the last part of the pump assembly; it serves to seal lineshaft 
lubricant from pumped fluid and direct flow out of the pump.  The discharge case also 
serves as a connection point to both the column pipe and the enclosing tube. 
Discharge Head 
The discharge head interfaces pump equipment to well and pipeline; it also serves as a 
support to landing, motor stand, bubble lines, and column pipe while directing fluid 
from the vertically oriented well to the horizontally oriented pipeline.  
Driver/Motor 
The pump driver provides torque to turn the pump.  In most applications the driver is an 
electric motor mounted on the surface, above the discharge head.  An electric motor can 
be driven with a variable frequency drive (VFD) if necessary to meet varied flow or 
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head demands.  In some cases, an internal-combustion engine coupled to right-angle 
gearbox can function a variable-speed pump driver for well testing or temporary 
installation purposes. 
Enclosing tube  
The enclosing tube is a series of relatively short tubes coupled together with screw 
bearings.  The enclosing tube is placed inside the column and its main purpose is to 
protect and support the pump lineshaft. Often times, the enclosing tube is filled with a 
chemically benign lubricant.   
Impeller 
A typical impeller is comprised of multiple vanes which impart angular velocity to the 
pumped fluid.  Typical geothermal lineshaft pump impellers have shrouds enclosing 
both the upper and lower vane faces and long skirts which facilitate additional axial 
movement inside the pump bowls.  
Landing 
The landing serves as the surface termination point of the enclosing tube.  The landing 
provides a mechanism for keeping tension on the enclosing tube while providing access 
to the inner enclosing tube for lubrication supply, pressure measurement, and purging 
of any gasses which may accumulate at the top of the enclosing tube.  
Line shaft  
The lineshaft connects the pump driver mounted on the surface to the down-hole pump.  
The lineshaft can vary in size depending on the application, to meet required power 
delivery and stiffness demands. 
Pump Bowls 
Stationary devices which comprise the bulk of the pump.  Bowls serve to contain the 
fluid traveling through the pump and house the stationary shaft supporting elements such 
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as bearings and wear rings, as well as hydraulic elements like anti-rotation blades or 
diffusers.   
Screw Bearing 
The screw bearings act as both couplings between the enclosing tube sections and 
support for the lineshaft.  Screw bearings are threaded on the outer diameter (OD) and 
smooth-bored with spiral grooves on the inner diameter (ID).  The spiral grooves allow 
for proper lubricant flow across the bearing during initial fill. 
Suction Case  
The suction case is the first part in the pump assembly; it directs flow from the wellbore 
into the eye of the first stage impeller.  The suction case also provides an interface point 
for tubular connections below the pump such as suction screen or support structure for 
chemical deliver. 
Tension Spider 
The tension spider serves as an intermediate tension device placed between the landing 
and pump discharge case; it allows for lower landing tension values at the surface by 
increasing enclosing tube tension lost due to weight from the landing to the spider.  
Variable Frequency Drive, VFD 
The variable frequency drive, referred to as a VFD, is an electrical device consisting of 
an alternating current to direct current power inverter and precise voltage controller 
which can take in alternating power at one frequency and supply it to an electric motor 
at another, operator specified, frequency.  VFD’s are useful for pumps driven with 






Pump consisting of multiple stages in series; each stage consisting of a single impeller 
and static diffuser or anti-rotation element stacked on top of one another and driven by 
a common shaft. 
Relevant Equipment Cross-Sections 
Figure 1: Lineshaft and enclosing tube 
 cross-section 




   





General Pump Performance 
The following information serves to outline the basic governing principles of pump 
performance. 
Pump Head, h 
Pump head h, measured in feet, is an important measurement as it can be used to 
quantify the work done by the pump on a fluid [9].  Pressure can be converted to head 
using equation (1) where the pressure P is measured in PSI, specific gravity SG is based 
off the density of water at 60°F and 1 ATM, and density ρ is measured in lb/ft3. Figures 
4 and 5 show the relationship between head and pressure with varying fluid heights and 
densities. 






                                                 (1) 
For equation (1) above, the coefficient 144 converts lb/in2 to lb/ft2 and the coefficient 
0.4332 represents the pressure exerted by a one foot column of water with a specific 


















Velocity head, hv 
Velocity head hv, measured in feet, represents the kinetic energy of a unit weight of 
liquid flowing through the pump with velocity V measured in feet per second. Equation 
(2) can be used to determine hv if the cross-sectional area A measured in feet squared 
and volumetric flow rate Q measured in GPM are known. 






                                              (2) 
For equation (2) above, the coefficient 1.2963×107 includes the acceleration due to 
gravity g, measured as 32.174 ft/s2, and a conversion factor between GPM and ft3/s. 
The units of this coefficient are gal2/min2ft5 
Friction loss, hf 
Friction loss hf, measured in feet, is a measurement of the work lost due to friction 
between the pumped liquid and wetted pipe surface.  The Colebrook equation (3d) 
below can be solved numerically to determine the dimensionless Darcy friction factor 
f.  The Darcy-Weisbach equation (4) below can then be used to determine head loss hf 
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Here, Re is the Reynolds number, defined by equation (3a) and (3b), where μ is the 
absolute viscosity measured in lb-s/ft2. Dh is the hydraulic diameter measured in ft. It 
can be found using equation (3c), where Pw is the wetted perimeter of the pipe, also 
measured in ft. 
Total suction head, hs 
Suction head hs, measured in feet, will be treated as the height a static column of 
production fluid needed to create the pressure present at pump suction.  Some 
references [7] use the pump centerline as the reference datum for hs.  For the purposes 
of this thesis, the pressure datum is placed at the pump suction.  
It is important to note that suction pressure is not the lowest pressure which the pumped 
fluid encounters. In particular, there are additional losses between the suction case and 
impeller inlet which need to be accounted for when analyzing any potential cavitation 
problems. 
Equation (5) below can be used to determine hs if the suction pressure Ps, measured in 
PSI is known. Velocity head at the pump suction hvs, measured in feet, is determined 
based on the flow and velocity at the wetted cross section immediately before the pump 
intake using equation (2). All pumps in this research had no suction screens: therefore, 
no losses were assumed between the wellbore pressure and the suction intake pressure. 
ℎ𝑠 =   
𝑃𝑠
0.4332 ∙ 𝑆𝐺
+ ℎ𝑣𝑠                                                          (5) 
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Total discharge head, hd 
Total discharge head hd, measured in feet, is the sum of the static discharge pressure at 
the surface Pd, measured in PSI, friction losses encountered in the column hf, pump 
column depth Dc, measured in feet, and the velocity head at the point of pressure 
measurement on the discharge pipeline hvd. Total discharge head can be found using 
equation (6) below:  
   ℎ𝑑 =
𝑃𝑑
0.4332∙𝑆𝐺
+  ℎ𝑓 + ℎ𝑣𝑑 + 𝐷𝑐                                         (6) 
Total System Head, H 
Total system head H, measured in ft, is also referred to as total dynamic head TDH [7] 
and can be considered to represent the net work done on a unit weight of liquid passing 
through the pump from the suction case to the discharge head [9].  Equations (7) and 
(8) below can be used to determine H needed for a system. 
   𝐻 = ℎ𝑑 − ℎ𝑠                                                                (7) 
Substituting equations (5) and (6) for the values of hs and hd, the equation becomes 
𝐻 =  
𝑃𝑑 − 𝑃𝑠
0.4332 ∙ 𝑆𝐺
+  ℎ𝑓 +  ℎ𝑣𝑑 − ℎ𝑣𝑠 + 𝐷𝑐                                      (8)  
Subject Pump Performance Specifications 
For the purposes of this research, a single subject pump will be considered. This implies 
that all data presented in this thesis was taken from two pumps, both of the same make, 
model, impeller size, and impeller material.  Although bowl material does differ 
between the two test pumps, the effects of differing bowl material are not considered 
significant as the resulting change in pump performance is minor.  Figure 6 below is 




Figure 4: Subject pump single-stage head and efficiency vs. flow curve 
Changes to Shaft Speed 
Empirical relationships known as “affinity laws” were developed by the pump industry 
to relate the flow vs. head curve relationship to impeller rotational speed N, measured 
in RPM. These relationships were later verified analytically through the use of 
dimensional analysis [5]. Equations (9) and (10) represent the affinity relationships 
between the head and flow coordinates of every point on the flow vs. head curve for 
two given speeds, where N1, Q1, and H1 are the known curve speed measured in RPM, 
flow measured in GPM, and head measured in feet respectively.  Vice versa, N2, Q2, 














                                                                  (10) 
Using equations (9) and (10), the flow vs. head curve in figure 6 can be modified as 
follows in figure 7 for a corrected speed of 2,200 RPM.  Changing the speed of a pump 
shaft can be done in a variety of ways.  Geothermal industrial practice for deep well 









































Pump Flow Q, GPM
QH Efficieny
Subject Pump Single Stage 1,800 RPM Efficiency vs. Flow Curve
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synchronous electric motor.  The use of a VFD can become important when trying to 
match the performance of a pump to a well with unknown parameters.  VFDs also allow 
an operator to meet well demands which require higher flow and/or head performance 
which cannot be met by a pump operating at the standard motor speed of 1,790 RPM.  
 
Figure 5: Single-stage curve corrected to 2,200 RPM 
Wellbore Pressure and Flow Determination 
In order to determine the head demands placed by a well on a pump for a certain flow 
or vice-versa, a relatively accurate estimate of well performance must be made.  
Wellbore pressure dependency on flow is often modeled through the concept of 
“drawdown”, symbolized as ΔLw below and measured in feet.  Drawdown is a 
measurement of the change in water level depth from when the well is shut in to when 
it is flowing.  Reference [8] suggests that drawdown can be estimated through the use 
of equation (11).  The values of the laminar drawdown coefficient I, measured in 




























Pump Flow Q, GPM
Subject Pump 




if the water level of the well is known at various flow rates by plotting ΔLw/Q vs. Q and 
dividing equation (11) by Q to get equation (12).  The I coefficient can be found by 
determining the ordinate axis intercept of the ΔLw/Q vs. Q curve and J can be found by 
determining the slope of the ΔLw/Q vs. Q line.  Figure 8 below gives two representative 
examples of drawdown curves where I and J are equal to 0.01732 ft/GPM and 8.660× 
10-7 ft/GPM2, respectively.   
∆𝐿𝑤 = 𝐼𝑄 + 𝐽𝑄
2                                                                 (11) 
∆𝐿𝑤
𝑄
= 𝐼 + 𝐽𝑄                                                             (12) 
  
 
Figure 6: Convenient plot for determining equation (11) coefficients, adapted from reference [8] 
Determining Relative Stretch of the Impellers 
Pump shaft and column length vary between shut-in and running conditions due to multiple 
factors listed below. Unfortunately, the changes in impeller and column length are not 
identical, resulting in a movement of the impellers relative to the pump bowls upon pump 











































Drawdown and Drawdown Per Unit Flow Curves
Total Drawdown Per Unit Flow Drawdown
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startup known as “relative stretch” [4].  A very important step in sizing a downhole pump 
is making an accurate estimate of relative impeller stretch during the expected life cycle 
which the pump will operate. This includes transient performance encountered on startup, 
long term reservoir drawdown, and any possible off-design conditions which may change 
the operating point of the pump.  Failure to make an accurate estimate of relative stretch 
can result in contact between the impellers and bowls.  Any contact between the impellers 
and bowls will typically bend the shaft, causing a sharp decline in runtime. Figure 9  
illustrates relative stretch movement and pump axial endplay.  The section below covers 
the forces typically accounted for when estimating relative stretch, according to industry 
practice and literature search.  
  




The impeller transfers shaft torque into momentum change of the fluid traveling through 
the pump.  Each impeller is acted on by several forces, many of which vary as the impeller 
geometry, position, and speed change.  The subject pump studied in this research utilized 
mixed-flow enclosed vane type impellers exclusively.  The major forces associated with 
this specific type of impeller are listed below. 
Unbalanced Impeller Pressure 
Fluid above the impeller is at discharge pressure while fluid below the impeller is at 
suction pressure.  Suction pressure acts on the impeller eye and lower edge of the pump 
shroud (light blue on figure 10).  The upper shroud and outer edges of the lower shroud 
are subject to discharge pressure (red on figure 10).  The area acted upon by discharge 
pressure is always larger than the area loaded by suction pressure, resulting in a net 
force acting towards the suction, usually assumed to be the downward direction [9]. 
Making an exact estimate of unbalanced pressure force requires exact values of the 
pressure profile above and below the pump, as well as the rate at which the pressure 
develops across the vanes (dark blue on figure 10). Exactly estimating the pressure 
fields is a difficult task, as the fluid velocity profile changes with both pump flow rates 
and impeller position relative to the bowl.   
 
Figure 8: Suction, transition and discharge pressure regimes acting on the impeller 
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Dynamic Impeller Forces  
Fluid traveling through a radial or mixed-flow impeller must change direction; as a 
result, the fluid exerts both an axial force Fa and radial force Fr. Both forces are 
measured in pounds on the impeller shroud. As illustrated by figure 11, symmetrical 
impeller geometry allows the radial forces on each side of the impeller to cancel out, 
leaving only the axial force component [12].    The value of the axial reaction force is 
usually quite small when compared to the unbalanced pressure forces for a fully radial 
impeller.  The value of up force Fu, measured in pounds, as a function of impeller eye 
area Ae, measured in square inches and impeller eye velocity Ve, measured in ft/s, at the 
inner impeller eye is given by equation (13) below.  




                                                (13) 
Here, g is the acceleration due to gravity and K is a dimensionless geometry correction 
factor, with a value of 1 for a fully radial impeller, less than one for a mixed-flow 
impeller, and 0 for a fully axial impeller geometry [9]. 
 





Lubrication Flow across Wear Rings  
Wear rings restrict flow from traveling across the impellers outer surface and act as 
supplemental bearings, stabilizing each impeller.  A small secondary flow path exists 
across the wear rings, driven by the pressure differential between the impeller 
discharge and suction.  Frictional forces act in the opposite direction of both the 




Estimating Net Impeller Force Fi 
Net impeller force, or impeller thrust, Fi, measured in pounds, is relatively difficult to 
accurately model.  Therefore, empirical testing is carried out using pumps run in surface 
test pits. Impeller thrust is then plotted versus flow in a similar manner to a flow vs. 
head or flow vs. efficiency curve.  Figure 13 below shows the flow vs. thrust curve 
taken on a five stage subject pump at the manufacturer’s test facility operating at 1,790 
RPM. 




Figure 11: 5-Stage subject pump impeller down-thrust vs. flow 
As thrust is dependent on the density of the pumped fluid, it is common to normalize 
the thrust vs. flow curve using an easily scaled thrust coefficient Kt, measured in lb/ft, 
defined in equation (14) below, where impeller force Fi is measured in pounds. 
  𝐾𝑡 =  
𝐹𝑖
𝐻𝑆𝐺
                                                               (14) 
Thrust coefficient vs. flow curves are more commonly provided to customers by pump 
manufacturers, as these values can be applied to a variety of pumped fluids rather than 
the usual ambient temperature water typically used in test pits.  Figure 14 shows the 
1,790 RPM Kt vs. Q curve for the subject pump. 
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Subject Pump Impeller thrust coeficient vs. flow
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In many cases, the entire thrust curve is condensed into a single constant, typically 
obtained by evaluating Kt at the pump best efficiency point (BEP).  Until recently, the 
geothermal industry has determined impeller thrust using only these numbers.  Figure 
15 shows the same Kt curve as figure 14 with a horizontal line imposed representing 
the value of Kt determined at the best efficiency point.  
 
Figure 13: Thrust coefficient vs. flow with best efficiency point thrust coefficient assumption 
Assuming a constant Kt results in increasing error in the down-thrust estimate as the 
pump is operated farther from the BEP.  This type of error may present a problem with 
pumps which are not matched to the well.  Mismatches between the well and a pump 
are common in the geothermal industry due to unforeseeable changes in reservoir 
pressure or purposeful selection of an off-design duty point in order to utilize 






















Pump Flow Q, GPM
Subject Pump Impeller Down-thrust vs. Flow with Best Efficiency Point Thrust Coefficient 
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Column Assembly Forces 
The column assembly consists of the enclosing tube, screw bearings, and the column pipe.  
As with the pump impellers, there are several forces acting on the column assembly.  When 
the pump is in operation, pressure inside the column increases and pressure in the annular 
region outside the column decreases.  The change in pressures creates an axial movement 
of both the column and enclosing tube in the downward direction, away from the surface.  
Understanding the forces which act on the column is equally important to understanding 
pump impeller forces when attempting to determine the impeller running clearance. 
Unbalanced pressure or weight of fluid in column 
Fluid enters the pump at ambient wellbore pressure and exits at a higher pressure.  This 
results in unbalanced pressure across the column wall thickness as well as the pump 
discharge and suction.  This unbalanced pressure acts in both the radial and vertical 
directions, producing significant movement of the pump bowls. 
Vertical hydraulic column force Fch 
Column hydraulic force Fch, measured in pounds, is the resultant force due to 
unbalanced pressure of the pumped fluid acting over the wetted area between the 
column inside diameter IDc and the enclosing tube outer diameter ODt on the pump 
discharge case.  The vertical hydraulic force acts on both the pump impellers and bowls.  
The magnitude of the impeller downforce Fi can be found by rearranging equation (14).  
Fi is commonly subtracted from the total hydraulic reaction force acting on the wetted 
discharge case area [13], leaving the remaining unbalanced hydraulic force to act on 
the pump bowls.  The portion of vertical hydraulic force acting on the pump bowls is 
transferred to the column pipe and lineshaft enclosing tube where they connect to the 
discharge case.  Equation (15) below gives the vertical hydraulic reaction force Fch, 
measured in pounds, reacting on the pump between the column inside diameter IDc and 
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enclosing tube outer diameter ODt, both measured in inches if H, Fi, and SG are known.  
Figure 16 illustrates the areas which vertical hydraulic pressure acting on the pump 
over the column wetted diameter Fch.  The value of Fch is always positive when the 
pump is in service. 





2) − 𝐹𝑖                           (15) 
Where the coefficient 1.7328 is four times the pressure gradient of water with a specific 
gravity of 1 measured in psi/ft. The gradient is multiplied by four to convert diameter 
squared to radius squared. 
 
Figure 14: Pressure force acting on pump, imparting force to column assembly 
Vertical hydraulic force on inner enclosing tube Fth 
The area bounded between the lineshaft outside diameter ODs and enclosing tube inside 
diameter IDt, both measured in inches, may be subject to a different pressure than that 
of the pumped fluid.  The enclosing tube pressure at the discharge case Ptd, measured 
in PSI, is dependent on the manner in which the tube is terminated.  Some pump 
operators choose to leave the enclosing tube outlet open to the wellbore through bypass 
ports in the discharge head, making Ptd roughly equal Ps.  Some operators choose to 
weld the aforementioned bypass ports shut, making Ptd roughly equal to the column 
pressure at the pump discharge case.  In the case of open or closed bypass ports, 
unbalanced pressure will act on the pump bowls in the lubricant wetted area and must 
be included among the vertical forces acting on the column assembly. Figure 17 below 
illustrates the region acted upon by the enclosing tube pressure.  Equation (16) can be 
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used to determine Fth given the suction pressure Ps and enclosing tube pressure at the 
discharge case, Ptd, both measured in PSI, the enclosing tube inside diameter IDt and 






2)                                     (16) 
 
 
Figure 15: Enclosing tube pressure acting on pump, imparting force to column assembly 
Radial pressure imbalance effects 
Both the column and the enclosing tube are subject to unbalanced radial pressure.  
Resultant forces act to either compress or expand the pipe cross section, which results 
in vertical expansion or contraction of the column assembly due to the effect of 
Poisson’s ratio ν, which is the dimensionless ratio of axial strain to radial strain.  
Expansion or contraction of tubulars caused by differential pressure across the wall 
thickness is commonly referred to as “ballooning” [1].  Equation (17) and (18) below 
can be used to determine the force due to ballooning in both the enclosing tube Ftb and 
column pipe Fcb, both measured in pounds.  Ballooning forces are dependent on the 
average change in differential pressure across the two tubulars between the time the 
impeller spacing is set and the pump is placed in service.   Figure 18 below shows the 












[𝐼𝐷𝑐(𝐴𝑃𝑐𝑟 − 𝐴𝑃𝑐𝑠) − 𝑂𝐷𝑐(𝐴𝑃𝑎𝑟 − 𝐴𝑃𝑎𝑠)]                    (18) 
When determining ballooning forces, it is important to consider the various pressure 
regimes present on the column assembly when the impeller position is set and when the 
pump is in operation. The APas, APcs, and APts terms above represent the average pressure 
over column depth during spacing in the annulus space, inside of the column, and inside of 
the enclosing tube respectively. APar, APcr, and APtr represent the average pressure over 
the column depth while the pump is running of the annulus space, column, and enclosing 
tube respectively.  All average pressures are measured in PSI.  ODc and ODt represent the 
column pipe outer diameter and enclosing tube outer diameter respectively, both are 
measured in inches.   
Determining the average pressure over the column depth acting on each tubular face is 
critical and specific to each well.  Some wells will have low permeability, which leads to 
large changes in the well water level upon pump startup.  Some wells may have static water 
level at the surface, with additional artesian pressure before the pump is started, and a 
dynamic water level hundreds of feet below the surface after the pump is put into operation.  
Figure 19 shows a typical pressure profile of a well column and annulus in both the static 
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and dynamic condition. In addition, pressure on the inner enclosing tube is dependent upon 
the lubrication system used as mentioned above in the paragraph explaining inner enclosing 
tube hydraulic force.  
 
Figure 17: Typical wellbore pressure profiles during static and running conditions 
Combining forces to determine relative stretch 
Once the static and dynamic well conditions have been estimated, the forces on both the 
column assembly and pump impellers can be quantified.  These forces can then be added 
together and used to determine pump impeller movement relative to the bowls known as 
the “relative stretch” or “stretch” [4].  
Bowl Movement δb 
Movement of the pump bowl assembly elements δb, measured in inches can be found 
by first combining the aforementioned vertical forces acting on the bottom of the 
column and enclosing tube in order to find the total column force Ftc, measured in 
pounds, using equation (19) below. 
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𝐹𝑇𝑐 = 𝐹𝑐ℎ − 𝐹𝑐𝑏+ 𝐹𝑡ℎ − 𝐹𝑡𝑏                                              (19) 
The total tube and column force Ftc can be assumed to act evenly across the tube and 
column cross sections at the point of connection to the pump.  Equation (20) below 
yields movement at the bottom of the column, which is equal to bowl movement δb. 







                             (20) 
Here, 48 is a coefficient converting diameter to radius and column length to inches 
from feet. E is the modulus of elasticity, measured in PSI, for the column and 
enclosing tube material. For simplicity, it is assumed that both the tube and column 
have identical values of E. 
Impeller movement δi 
Impeller movement δi, measured in inches, is dependent on the total vertical force 
acting on the impellers Fi, which can be found by rearranging equation (14).  In order 
to get a usable value for Fi, an accurate estimate of the total system head H needs to 
be made.  This is done by using available knowledge of well performance and 
planned surface conditions to make an approximate pump selection.  Since Fi is 
assumed to be the sum of impeller forces, it is common to also assume that Fi acts 
across the lineshaft cross-section at the top of the pump.  Equation (21) below can be 
used to determine the impeller movement δi 
𝛿𝑖 =  
48𝐷𝑐𝐹𝑖
𝜋𝑂𝐷𝑠2𝐸 
                                                         (21) 
Here, 48 is a coefficient converting diameter to radius and column length to inches 




Relative movement or relative stretch δ 
Movement of the impellers relative to the bowls δ, measured in inches and also 
known as relative stretch, can be determined by subtracting the movement of the 
bowls δb from the movement of the impellers δi as shown below in equation (22). 
𝛿 =  𝛿𝑖 −  𝛿𝑏                                                      (22) 
The relative stretch value must be less than the available pump travel, otherwise it 
will be impossible to set the impellers high or low enough to avoid contact between 
the impellers and bowls.  For this reason, it is important to make a relatively accurate 
estimate of relative stretch prior to procuring a pump.   
Transient temperature and thermal expansion effects 
After a deep well pump assembly is initially installed, the well bore is relatively cold due 
to the low-temperature water used to keep the well from flowing artesian during 
installation.  If the pump is started in this condition, the well will first evacuate the cold 
well-control fluid from the wellbore, then begin producing hot fluid from the geothermal 
reservoir.  The enclosing tube and column pipe are in direct contact with the pumped 
fluid, so they tend to heat up more quickly than the pump shaft.  The different rates of 
change in temperature between the column assembly and shaft assembly create a 
temporary relative movement of the impellers in the upward direction, towards the 
surface.  For the purposes of this thesis, the pump assembly will be assumed to be in 
thermal equilibrium.  Reference [11] covers relative impeller movement due to 





It is common to add additional running clearance both above the impellers before the 
pump is started and below the impellers when the pump is running.  Running clearance 
is essential for dealing with operational transients and any uncertainty between planned 
and actual pump performance.  If the relative stretch of the planned pump is very close 
to or larger than the axial movement of the selected pump, a new pump with more lateral 
movement or less total system head must be selected.  Sizing of a pump is often an 
iterative process, where a suitable pump is checked for feasibility and then changed if it 





2. Problem Statement  
Wells with relatively low permeability and static pressures require deeply set pumps 
with a large number of stages to produce high amounts of total system head.  If the 
methods listed above are used to determine relative stretch, there are certain cases 
where it becomes possible for the pump driver and lineshaft to supply more power than 
the pump can use without relative impeller movement exceeding the pump axial 
endplay.   
Most pump axial endplay values were determined by the pump manufacturer based on 
the maximum 1,800 RPM operating envelope.  Pumps equipped with a VFD for over-
speed purposes are more likely to encounter desired operating points where the 
expected relative stretch exceeds axial endplay.  When this happens, the planned shaft 
speed and/or number of stages installed into the well are reduced, resulting in limited 
production from the well. 
In a preliminary effort to confirm the calculated down-thrust acting at the surface, a 
load cell was placed on a few field pumps which were determined to be running close 
to the maximum relative stretch value using the estimation techniques in section 1.3.  
Surprisingly, the field-read thrust measurements were significantly lower than expected 
on every pump tested. 
Lower shaft thrust most likely translates into decreased shaft stretch.  This implies 
variable frequency driven pumps with capacity limitations due to high relative stretch 
may be able to produce more fluid by simply increasing shaft speed.  In most 
applications, the return on investment of a pump is directly proportional to the amount 
of fluid it can bring to the surface, so any improvements in flow will have the potential 
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to realize immediate financial gains.  This thesis is focused on how shaft thrust 
measured on the surface varies when compared to a direct driven surface test pump.   
 Testing 
In order to explore the nature of shaft thrust at various speeds, two pumps of identical make 
and model, with variable frequency electrical drivers were selected for testing.  The first 
pump had five stages and was operated in the manufacturer’s test pit, driven by an open 
lineshaft.  The second pump had seven stages, was driven by an enclosed lineshaft and was 
set at a depth of 705’.  Load cells were installed on each pump and thrust coefficient curves 
were made for both pumps at several speeds. 
Field Experiment 
The following section outlines the equipment and procedure used to take thrust 
measurements on an enclosed lineshaft pump in service delivering geothermal fluid to 
an operating geothermal power plant. 
Procedure 
For the field experiment, shaft rotation was first fixed at a given speed. Then, the 
discharge valve was incrementally closed in order to increase discharge pressure, 
thus demanding higher head on the down-hole pump.  The field test was conducted 
on a pump producing fluid to the Don A. Campbell geothermal power plant in 
Mineral County, Nevada.  The minimum pump outlet pressure was governed by the 
plant production header pressure.  Efforts were made to lower the plant inlet 
pressure as close to the brine flash pressure as possible. A PSI margin was kept in 




For each speed, a sufficient number of points were taken to form a continuous thrust 
coefficient vs. flow curve (an average of 6 across the 11 curves taken).  After a 
curve was taken for an individual shaft speed, the shaft speed setting was changed 
and a new curve was created by incrementally opening/closing the pump discharge 
valve to vary the head demand on the pump. 
Thrust Measurement 
For the experiment, a load cell was installed between pump shaft and motor thrust 
bearing.  This configuration subjected the load cell to the impeller and lineshaft 
weight in addition to any developed thrust.  Static rotor weight was noted upon 
startup and subtracted from the readings taken while the pump was running in order 
to determine developed thrust. A calibration certificate is provided for the field load 
cell in appendix A-1. 
Pump suction pressure determination 
The pump suction pressure Ps, measured in PSI, was determined using a 0.250 inch 
outer diameter, 0.049 inch wall thickness tube run from the suction of the pump to 
the surface.  The tube, commonly referred to as a “bubbler” was filled with nitrogen. 
The bubbler tube pressure read on the surface Pb, also measured in PSI, is equal to 
the suction pressure minus the weight of nitrogen from the gauge to the bubbler 
tube depth Db, measured in feet, per unit cross sectional area of the tube inner 
diameter.  Equation (23) can be used to find suction pressure given the bubbler 
pressure Pb and the temperature T, measured in degrees Fahrenheit of the produced 
fluid.  Nitrogen was assumed to be an ideal gas with a compressibility factor of 1, 
see references [2, 3]. 













Here, the coefficient 0.0727 represents the density of nitrogen measured in lb/ft3 at 
528°R and 14.7 PSI, 144 is a conversion factor from lb/ft3 to PSI.  The 14.7 and 
528 constants represent the standard pressure and temperature in PSI and °R 
respectively. The addition of 460 converts temperature measured in °F to °R. 
Pump bubbler pressure was measured in PSI using a Yokogawa model number 
EJA530E-JCS4N-017EL/FU1 calibrated pressure transducer tied to the bubbler at 
the surface. 
Pump Discharge Pressure Measurement 
Pump discharge pressure Pd was measured through the use of a calibrated 
Yokogawa model number EJA530E-JCS4N-017EL/FU1 pressure transducer tied 
into the surface discharge pipeline a few feet from the pump discharge. 
Pump Shaft Speed Measurement 
Pump shaft speed was measured through the use of a Nova-Strobe bbx Monarch 
hand-held calibrated photo tachometer shown on the exposed section of shaft 
between the motor and the mechanical seal.  
Column head loss determination 
Column head loss was determined using the Darcy-Weisbach friction factor, found 
using the methods outlined in section 1.3 
Pump Flow Measurement 
Flow was measured using a calibrated General Electric model number XMT8681-
21-00-0011-0 ultra-sonic flow meter placed in the straight section of pipe several 




Fluid Temperature Measurement 
Brine temperature was measured using a calibrated PR Electronics model number 
5333-B temperature transducer placed in a thermowell mounted on the discharge 
pipeline a few feet from the pump discharge head. 
Specific gravity correlation  
Specific gravity was corrected for temperature using a 4th order polynomial 
regression of water density vs. temperature values from reference [3]. 
Total system head determination 
Total system head H was determined using equation (8) in section 1.3, based on the 
volumetric flow reading measurement, pipe cross-sectional area, suction pressure, 
discharge pressure, as well as column and enclosing tube sizes. 
 
Pump Specifics 
Stages:  7 
Column & bubbler depth: 705’  
Bowl/impeller material:  Ductile iron /CA6NM stainless steel 
Outlet pipe ID:  0.835ft 
Column pipe:  10.750” J-55 40/5# 
Enclosing tube: 3.5” Sch. 80 A53 Gr. B pipe 
Bearings:  5’ spacing, ASTM B584, C93200 centrifugally cast 
bronze with dual 540° rotation spiral grooves  
Line-shaft:  2.187” 1045 carbon steel  
Static rotor weight: 9,020lbs  
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Schematic of field test measurement setup 
 




The following section outlines the equipment and procedure used to take thrust measurements on 
an open lineshaft pump operating in the manufacturer’s test pit pumping ambient temperature 
water. 
Lab Experiment Procedure 
For each speed, pump head demand was varied through use of a remotely operated 
throttling valve, ultimately producing flows from shutoff to cavitation.  Data was 
gathered through the use of a central data acquisition system, save for the load cell 
output, which was read through the digital display and recorded manually.   
Thrust Measurement 
For the experiment, a load cell was installed between pump shaft and motor thrust 
bearing, making the load cell subject to the entire pump rotor weight in addition to any 
developed thrust.  Static weight was noted upon startup and subtracted from the 
readings taken while the pump was running in order to determine developed thrust. A 
calibration certificate is provided for the load cells in appendix A-1. 
Pump suction pressure determination 
Total system head was determined based on the static water level of the pit, eliminating 
the need to measure pressure at the pump suction.  The pit level was measured using a 
Flowline® EchoSpan Model LU81/83/84 ultrasonic level transmitter. 
Pump Flow Measurement 
Flow was measured using the differential pressure across a B.I.F. Industries 8 inch 
universal Venturi tube mounted on the discharge pipe flow.  The differential pressure 





Pump Discharge Pressure Measurement 
The lab pump discharge pressure was measured using a calibrated Omega PX-309 
pressure transducer mounted on the outlet pipeline. 
Pump Shaft Speed Measurement 
The lab pump shaft speed was measured using a calibrated Monarch Instrument remote 
optical sensor (ROS) coupled to an adjustable magnetic base. 
Column head loss determination 
The lab pump had no column, it was mounted directly to the discharge head. 
Pit water temperature measurement 
The pit water temperature was determined using an Omega model HSTC-TT-J-
20S0120 hermetically sealed and calibrated temperature transducer 
Specific gravity correlation  
Specific gravity was corrected for temperature using a 4th order polynomial regression 
of water density vs. temperature values from reference [3]. 
Dynamic head measurement  
Total system head H was determined using equation (24) below by adding together the 
velocity head from equation (2), vertical head from the water level to the pump 
discharge pipe centerline Lw, measured in feet and the discharge pressure head Pd, 
measured in psi.  Both column, and discharge head losses were neglected.  Flow was 
measured in gallons per minute, heads were measured in feet 






                                          (24) 
where the coefficient 0.4332 is the pressure gradient of fluid at a specific gravity of 1. 
 
Pump Specifics 
Stages:  5 
Bowl/impeller material:  CA6NM stainless steel 
Outlet pipe ID:  1.088ft 
Static rotor weight: 350lbs  




Figure 19: Lab test setup schematic 
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3. Results and Discussion 
Test Data Plots 
Data taken during the field and lab tests are plotted below in figures 22-24.  Marker colors 
begin with dark blue for the lowest plotted shaft speed (1,320 RPM) and turns warmer as 
speed increases, ultimately becoming bright red for the highest speed plotted (2,200 RPM).  
Marker color is kept identical for speeds varying less than 10 RPM throughout the plots in 
this section. Circular markers are used for the lab data and diamond markers are used for 
field tests. 
 
























Pump Flow Q, GPM
Lab Test Thrust Coefficient vs. Flow Curve
1785 RPM 1630 RPM 1320 RPM




Figure 21: Field test measurements 
 






















Pump Flow Q, GPM
Field Test 1,320 RPM Field Test 1,474 RPM Field Test 1,628 RPM Field Test 1,672 RPM
Field Test 1,716 RPM Field Test 1,738 RPM Field Test 1,782 RPM Field Test 1,782 RPM-2
Field Test 1,936 RPM Field Test 2,046 RPM Field Test 2,200 RPM
Field Tested Thrust Coefficient vs. Flow Curve






















Pump Flow Q, GPM
Field Test 1,320 RPM Field Test 1,474 RPM Field Test 1,628 RPM Field Test 1,672 RPM
Field Test 1,716 RPM Field Test 1,738 RPM Field Test 1,782 RPM Field Test 1,782 RPM-2
Field Test 1,936 RPM Field Test 2,046 RPM Field Test 2,200 RPM Lab Test 1,790 RPM
Lab Test 1,630 RPM Lab Test 1,320 RPM
Flow Vs. Thrust Coefficient Curve
Lab and test data combined
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Test Data Discussion 
Lab Experiment Discussion 
Thrust coefficient curves were compiled from lab tests at three shaft speeds, shown in 
figure 22.  The lab curves suggest that changes in pump shaft speed in the range of 
1,320 to 1,785 RPM have little effect on the overall thrust coefficient value. All three 
curves approximately follow a similar upward-sloping parabolic curve with slight 
variation.  The values taken at the highest speed of 1,790 RPM are not significantly 
larger than those taken at the lowest speed of 1,320 RPM.  
The 1,790 RPM curve suggests a significant drop in the thrust coefficient between 
2,720 and 2,890 GPM.  It should be noted that 2,890 GPM is more than 30% above 
BEP and the test pump was showing significant signs of cavitation at this point.  In 
general, pumps utilized in the field are not operated in this region, therefore this outlier 
will be eliminated from further discussion.    
Field Experiment Discussion 
Figure 23 above displays the thrust coefficient curves from data obtained at 10 separate 
speeds on the same pump in three sessions.  Data was taken twice at 1,782 RPM on 
separate dates.  The plotted curves suggest that the thrust coefficient value decreases 
significantly as speed increases.  For a constant flow of 2,230 GPM, the data indicated 
a thrust coefficient decrease of more than 50% between the speeds of 1,289 RPM and 
2,046 RPM.  The significant decrease in shaft thrust at the surface for the same flow at 
higher speed suggests the presence of a significant error if the 1,785 RPM lab tested 
curve is used to directly approximate motor thrust bearing load for a pump operating at 




Comparison between lab and field tests 
Figure 24 plots both the field and lab data on the same chart.  While both the lab and 
field thrust coefficient curves taken at 1,320 RPM tend to agree with one another, the 
pairs of 1,630 RPM and 1,785 RPM curves are significantly far apart from each other.  
Comparison suggests the presence of large error between impeller down force on the 
motor thrust bearing in the lab versus field measurements at standard operating speeds, 
which are usually at or above 1,790 RPM.  Equation (25) below was determined using 
a second order polynomial regression of the lab-tested Kt values from 0 to 2,500 GPM. 
The resulting curve is superimposed on the lab test readings in figure 25.  For typical 
downhole pump installations, equation (25) would be used to approximate impeller 
down force and the resulting impeller movement. 
𝐿𝑎𝑏𝐾𝑡 = 3.714 × 10
−7𝑄2 + 2.068 × 10−4𝑄 +  13.19                         (25) 
 
 






















Pump Flow Q, GPM
Lab Test 1,790 RPM Lab Test 1,630 RPM Lab Test 1,320 RPM Poly. (Curve fit Data)
Lab Tested  Thrust Coefficient vs. Flow Curve
5-Stage subject pump, operating in a test pit, direct coupled to discharge head, open line shaft
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In order to quantify the error caused by approximating motor thrust bearing load with 
the lab tested curve given in equation (25), a percent error between the lab and field-
measured values was calculated using equation (26) below.  This percent error was 
calculated using the regression curve in equation (25) for every field measured thrust 
coefficient value and plotted in figure 26. 
%𝑒𝑟𝑟𝑜𝑟 =  
𝐿𝑎𝑏𝐾𝑡 − 𝐹𝑖𝑒𝑙𝑑 𝑅𝑒𝑎𝑑 𝐾𝑡  
𝐹𝑖𝑒𝑙𝑑 𝑅𝑒𝑎𝑑 𝐾𝑡
                                      (26) 
 
Figure 24: Percent error in thrust coefficient calculation vs. speed 
Error correction 
In an effort to correct the lab test data, the correction factor outlined in equation (27) 
was used on thrust coefficient readings taken above 1,600 RPM. 





                             (27) 
Utilizing this correction reduced the error to a more manageable level, generally well 
below 20% throughout the entire range of shaft speeds.  The 1,300 and 1.6 values were 
chosen through a “guess and check” iteration to minimize total error of the corrected 
values. Figure 27 below utilizes the same scale as figure 26 and shows the resulting 



























Shaft Speed N, RPM
% Error in Down-Thrust Calculation Vs. Shaft Speed
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second correction factor dependent upon the flow may be successful in further reducing 
error. 
 
Figure 25: Corrected Kt error 
Repeatability 
Two thrust coefficient vs. flow curves were collected at 1,782 RPM on separate days.  
The resulting curves are plotted below in figure 28.  These two curves suggest that 
thrust may fluctuate over time, as there is definite scatter between them.  The overall 
shape of both curves is similar.  At the far right of the first test, the Kt value was 8.5 at 
2,480 GPM while second test had a Kt value of 10.2 at 2,513 GPM for the second test.  
The difference between these two points represents an approximate change of 20% in 
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Figure 26: Two field curves taken a 1,782 RPM on the same pump 
 
Possible causes of discrepancy 
There is no reason to suspect any difference in impeller thrust actually developed by the 
down-hole pump assembly.  This means that any discrepancy between the lab-tested Kt 
curve and the field measured Kt curve is most likely caused by up-thrust generated in the 
lineshaft and enclosing tube, as this is the only major difference between the two pump 
configurations.  Below are the two most likely mechanisms for up-thrust generated in the 
pump lineshaft. 
Lineshaft binding 
Because most deep wellbores are not perfectly straight, it is reasonable to assume that 
the lineshaft will encounter slight to moderate bending along its path from the surface 
to the pump.  The presence of bending has been confirmed multiple times through the 























Pump Flow Q, GPM
Field Test 1,782 RPM Field Test 1,782 RPM-2
1,785 RPM Thrust Coefficient vs. Shaft Speed
two curves taken at separate times
7-stage subject pump, 705' column depth, 10-3/4"-40.5# Column Pipe, 4" Enclosing tube OD
47 
 
sections corresponding to the column pipe coupling gaps. Figure 29 shows marks found 
on actual lineshaft enclosing tubes used in the field. 
The effect of lineshaft binding is often neglected in the relative stretch calculations as 
the exact wellbore geometry may be unknown and modeling requires complex analysis.  
It is reasonable to expect the effect of binding to act as a constant friction-related up-
thrust value, lowering the impeller down-thrust evenly across all flows. 
 
 
Figure 27: An impression of the inner column coupling on the outer enclosing tube 
Pumping effect of helical grooves 
The thrust coefficient correction factor used in equation (26) shows a strong 
dependence of measured down-thrust on shaft speed.  Reference [10] suggests the 
presence of a pressure increase across helically-grooved bearings due to viscous 
friction.  Each lineshaft bearing has two 3/16 inch radius, 540° semi-circular spiral 
grooves running along the internal diameter, making them similar in geometry to the 
pumps studied in reference [10].  In the last few years, many deep well pumps have 
been put into service with welded discharge case bypass ports.  A pump operating with 
welded bypass ports will have identical pressure at the discharge case on both the inner 
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column wetted diameter and the inner enclosing tube wetted diameter.  The pumps with 
welded bypass ports were originally expected to have more surface pressure in the 
enclosing tube than the discharge pipeline.  The increased pressure was expected 
because the lineshaft lubricant has a lower density than the pumped fluid, making the 
hydraulic weight of oil lighter than the hydraulic weight of brine in the column pipe.  
In reality, when the pumps with welded bypass ports are started, the enclosing tube 
pressure at the surface is often less than atmospheric, indicating a strong pumping effect 
inside the enclosing tube.  
Reference [10] states that the magnitude of any pressure added to the fluid flowing 
across the bearings increases exponentially with an increase in the peripheral speed of 
the shaft face.  The low efficiency of such a pump geometry (less than 3%) suggests 
significant energy losses to the surroundings.  It may be possible that a portion of the 
viscous force imparted on the lubrication fluid from the shaft reacts in the axial 
direction, placing an upward force on the lineshaft.  
If the total discrepancy between the thrust measured in the test pit and the thrust 
measured on the field pump were to be attributed entirely to the pumping effect of 
bearings, as a first approximation, it is possible to hypothesize a uniform distribution 
of these forces across each bearing.  It is assumed therefore, that the thrust discrepancy 
is given by the sum of equal upward forces applied to the shaft at the center of each of 
the enclosing tube screw bearings.  In this simplified scenario, each of the 144 bearings 
from the surface to the pump discharge would need to apply 35 pounds of force to the 
shaft to account for the error seen between the 1,785 RPM lab tested thrust curve and 
the 2,200 RPM field tested thrust curve.  However, the test method used in this thesis 
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cannot determine how the up-thrust is distributed across the lineshaft. Therefore, it is 
important that the up-thrust mechanism be further investigated.   
 
4. Conclusions 
The work conducted for this thesis served to test the accuracy of an industry accepted 
method for determining surface lineshaft tension on enclosed lineshaft vertical deep well 
pumps.  A non-contact load cell was used to measure the lineshaft tension at the motor 
thrust bearing of two pumps, both the same make and model.  The first pump was operated 
in the manufacturer’s test lab and driven by an open lineshaft.  The second pump was 
operated in a well and driven by an enclosed lines haft.  Thrust measurements were taken 
over a range of flows at three shaft speeds in the lab and 10 shaft speeds in the field.  The 
resulting measurements were normalized into easily comparable thrust coefficient curves 
and plotted in figure 24.  It was observed that the field thrust coefficient curves began to 
significantly diverge from the test pit curves above a shaft speed of approximately 1,600 
RPM with error between the lab and field tests increasing dramatically as shaft speed 
increased  
The most likely cause for the very significant reduction in surface lineshaft tension is an 
upward force placed on the lineshaft inside the enclosing tube.  It is possible that the 
viscous interaction between the lineshaft and lubricant may be placing an upward force at 
each bearing in the enclosing tube.  The presence of viscous upward force needs to be 
independently verified through additional empirical testing on the surface or numerical 
analysis.    
This research identified an unexpected force which is not typically accounted for when 
determining lineshaft tension of an enclosed lineshaft pump.  If the physical mechanism 
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driving the identified upward force can be explained and accurately modelled, it would 
allow operators of this type of pump to set their pump impellers lower relative to the pump 
bowls.  The lower impeller settings will allow operators to set pumps deeper than 
previously thought possible with existing equipment.  Deeper pump settings will result in 
higher amounts of available well drawdown which, in some cases, can immediately be used 
to produce more fluid to the surface, allowing the pumps to generate more revenue. 
In order to determine the thrust behavior of the enclosed lineshaft, it is necessary to model 
the viscous interaction between the shaft and helical bearing grooves.  This can be done 
both empirically through the use of a scale model operated in a test lab and analytically 
through the use of finite element modeling and computational fluid dynamic analysis.  
Once a reasonably accurate correlation enclosing tube up-thrust can be quantified, it can 
be compared to the field measurements taken for this thesis.   
Axial thrust measurements can also be taken on pumps of varying setting depth in an effort 
to quantify the effect of lineshaft length or number of bearings on the difference between 
expected and actual thrust. The net amount of up-thrust per bearing can also be identified 
and compared to the values found in this thesis.  As more and more empirical, experimental, 
and computational evidence is gathered it is expected that these correlations may find 
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Table 1: Field Experiment Data 














  [GPM] [RPM] [lb] [°F] [ft] [ft] [PSI] [PSI]   [lb/ft] 
Test 
1 
1 773 1,320 12,835 261.9 298.3 5.85 236.1 73.0 0.938 13.64 
2 535 1,320 12,865 261.7 317.2 2.82 236.1 81.9 0.938 12.93 
3 375 1,320 12,925 261.8 320.1 1.41 236.1 83.7 0.938 13.01 
Test 
2 
1 1,290 1,474 13,340 261.9 331.1 16.13 235.1 81.0 0.938 13.92 
2 1,076 1,474 13,345 261.8 342.3 11.26 235.6 88.1 0.938 13.47 
3 1,028 1,474 13,360 261.8 343.6 10.29 235.6 89.0 0.938 13.47 
4 753 1,474 13,475 261.9 371.2 5.56 236.1 102.7 0.938 12.80 
5 493 1,474 13,580 261.8 393.6 2.41 236.1 113.1 0.938 12.36 
Test 
3 
1 1,437 1,628 13,600 261.9 392.3 20.01 234.2 103.3 0.938 12.45 
2 1,231 1,628 13,610 261.9 403.5 14.70 235.1 111.0 0.938 12.13 
3 974 1,628 13,660 261.9 419.1 9.24 235.6 120.1 0.938 11.81 
4 702 1,628 13,760 262.1 462.1 4.83 235.6 139.4 0.938 10.94 
5 436 1,628 13,810 262.1 481.0 1.89 235.6 148.3 0.938 10.62 
Test 
4 
1 2,053 1,672 12,504 261.9 380.1 40.68 233.8 89.3 0.938 9.78 
2 1,859 1,672 12,489 262.0 390.2 33.37 234.2 96.9 0.938 9.48 
3 1,589 1,672 12,484 262.0 360.7 24.43 249.8 104.5 0.938 10.24 
4 1,357 1,672 12,499 262.0 389.9 17.85 246.6 115.9 0.938 9.51 
5 1,075 1,672 12,519 262.0 407.5 11.25 246.7 125.9 0.938 9.16 
6 811 1,672 12,604 262.0 467.4 6.43 235.6 140.9 0.938 8.18 
7 575 1,672 12,713 262.3 500.2 3.26 235.7 155.6 0.937 7.88 
Test 
5 
1 2,328 1,716 12,624 261.7 381.2 52.25 233.2 84.4 0.938 10.08 
2 2,138 1,716 12,604 261.7 370.2 44.12 242.4 92.6 0.938 10.32 
3 1,863 1,716 12,649 261.8 384.7 33.51 243.6 104.1 0.938 10.06 
4 1,545 1,716 12,728 261.9 384.3 23.10 249.1 113.9 0.938 10.29 
5 1,303 1,716 12,773 262.0 442.6 16.47 235.0 126.1 0.938 9.04 
6 986 1,716 12,808 262.0 465.1 9.47 235.4 138.5 0.938 8.69 
7 754 1,716 12,888 262.1 474.0 5.57 247.3 155.9 0.938 8.71 





















  [GPM] [RPM] [lb] [°F] [ft] [ft] [PSI] [PSI]   [lb/ft] 
test 
6 
1 473 1,738 13,158 262.8 544 2.2 235.6 174 0.937 8.12 
2 779 1,738 13,098 263.0 483 5.9 246.6 159 0.937 9.00 
3 1,018 1,738 13,018 263.0 449 10.1 245.7 142 0.937 9.51 
4 1,300 1,738 12,958 262.0 456 16.4 235.0 131 0.938 9.21 
5 1,521 1,738 12,938 261.9 435 22.4 234.8 120 0.938 9.61 
6 1,813 1,738 12,903 261.7 422 31.8 234.2 110 0.938 9.82 
7 2,088 1,738 12,853 261.7 404 42.1 233.7 98 0.938 10.12 
8 2,326 1,738 12,783 261.7 389 52.2 233.2 88 0.938 10.31 
test 
7 
1 2,480 1,782 12,120 262.0 389 59.3 232.8 84 0.938 8.51 
2 2,063 1,782 12,190 262.0 417 41.1 233.7 104 0.938 8.10 
3 1,793 1,782 12,230 262.0 438 31.1 234.2 117 0.938 7.81 
4 1,439 1,782 12,290 262.0 458 20.1 234.7 130 0.938 7.62 
5 1,187 1,782 12,330 262.0 482 13.7 235.1 143 0.938 7.32 
6 835 1,782 12,685 262.0 518 6.8 235.6 161 0.938 7.55 
7 396 1,782 14,000 262.0 572 1.6 236.1 186 0.938 9.28 
test 
8 
1 2,513 1,782 12,773 261.7 393 60.9 232.3 85 0.938 10.19 
2 2,246 1,782 12,798 261.7 405 48.6 234.2 97 0.938 9.94 
3 2,045 1,782 12,838 261.8 425 40.4 233.7 108 0.938 9.58 
4 1,764 1,782 12,848 261.9 443 30.1 234.3 120 0.938 9.22 
5 1,535 1,782 12,823 261.9 452 22.8 234.6 127 0.938 8.97 
6 1,293 1,782 12,858 261.9 477 16.2 235.1 140 0.938 8.59 
7 1,018 1,782 12,893 262.0 497 10.1 235.4 151 0.938 8.31 
8 767 1,782 12,963 262.1 541 5.8 235.7 171 0.937 7.78 




















  [GPM] [RPM] [lb] [°F] [ft] [ft] [PSI] [PSI]   [lb/ft] 
test 
9 
1 2,556 1,936 12,540 261.9 421 63 231.4 94 0.938 8.91 
2 2,349 1,936 12,620 261.9 450 53 231.9 111 0.938 8.53 
3 2,104 1,936 12,600 261.7 469 43 232.8 123 0.938 8.15 
4 1,879 1,936 12,580 261.7 500 34 233.3 140 0.938 7.59 
5 1,548 1,936 12,540 262.0 518 23 234.2 153 0.938 7.24 
6 1,627 1,936 12,520 261.8 518 26 233.7 152 0.938 7.20 
7 1,404 1,936 12,580 262.0 537 19 234.7 163 0.938 7.07 
8 1,150 1,936 12,650 262.0 565 13 234.7 177 0.938 6.85 
9 944 1,936 12,745 262.1 586 9 235.6 188 0.938 6.78 
10 695 1,936 13,220 262.0 641 5 235.6 212 0.938 6.99 
test 
10 
1 2,710 2,046 12,395 261.7 404 71 229.5 82 0.938 8.91 
2 2,472 2,046 12,530 261.8 459 59 230.9 111 0.938 8.16 
3 2,224 2,046 12,620 262.0 514 48 231.9 139 0.938 7.47 
4 1,957 2,046 12,680 262.0 545 37 232.8 157 0.938 7.16 
5 1,758 2,046 12,765 262.0 566 30 233.3 169 0.938 7.06 
6 1,536 2,046 12,790 262.1 577 23 233.7 177 0.938 6.97 
7 1,310 2,046 12,825 262.1 607 17 234.7 193 0.938 6.68 
8 1,090 2,046 12,855 262.2 635 12 234.7 206 0.937 6.44 
test 
11 
1 2,875 2,200 12,415 262.0 421 80 229.1 85 0.938 8.59 
2 2,653 2,200 12,490 262.1 485 68 230.00 117 0.938 7.64 
3 2,462 2,200 12,500 262 544 58 230.50 145 0.938 6.82 
4 2,251 2,200 12,560 261.9 579 49 231.40 164 0.938 6.52 
5 2,048 2,200 12,655 262.1 615 40 232.40 183 0.938 6.31 
6 1,833 2,200 12,755 262.1 640 32 232.80 197 0.938 6.23 
7 1,649 2,200 12,860 262.2 653 26 233.30 206 0.937 6.27 






Table 2: Lab Experiment Data 
 
  














  [GPM] [RPM] [lb] [°F] [ft] [ft] [ft] [PSI]  [lb/ft] 
Test 
1 
1 0 1,794 5,890 66.5 418 8.74 0.000 177 0.999 13.25 
2 513 1,793 5,700 66.5 400 8.73 0.023 169 0.999 13.38 
3 1,099 1,792 5,310 66.5 346 8.73 0.108 146 0.999 14.33 
4 1,624 1,790 4,925 66.5 308 8.73 0.235 130 0.999 14.84 
5 2,160 1,788 4,450 66.5 270 8.72 0.415 113 0.999 15.20 
6 2,462 1,788 4,215 66.5 240 8.72 0.540 100 0.999 16.10 
7 2,737 1,788 3,535 66.5 182 8.73 0.667 75 0.999 17.54 









1 0 1630 4,985 66.5 343 8.72 0.000 145 0.999 13.53 
2 452 1629 4,785 66.5 332 8.73 0.018 140 0.999 13.36 
3 962 1630 4,400 66.6 289 8.73 0.082 121 0.999 14.03 
4 1,476 1629 4,015 66.6 256 8.72 0.194 107 0.999 14.30 
5 2,002 1630 3,530 66.6 222 8.70 0.357 92 0.999 14.33 
6 2,236 1629 3,305 66.6 200 8.72 0.445 83 0.999 14.77 
7 2,490 1630 2,835 66.5 157 8.71 0.552 64 0.999 15.86 
Test 
3 
1 0 1,320 3,180 66.6 226 8.72 0.000 94 0.999 12.56 
2 371 1,321 3,190 66.6 218 8.72 0.012 91 0.999 13.02 
3 771 1,319 3,000 66.6 190 8.72 0.053 79 0.999 13.93 
4 1,182 1,320 2,765 66.6 169 8.73 0.124 69 0.999 14.28 
5 1,555 1,320 2,495 66.5 150 8.73 0.216 61 0.999 14.31 
6 1,802 1,320 2,310 66.6 134 8.73 0.289 54 0.999 14.62 
7 1,993 1,320 2,000 66.6 109 8.71 0.354 43 0.999 15.22 
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